Abstract Geometries, electronic structure and electronic absorption spectra of thiophene based dye-sensitized solar cells were performed using Density Functional Theory (DFT) and time dependent density functional theory (TD-DFT). Different electron donating and electron withdrawing groups have been substituted. Geometries and electronic properties have been computed at B3LYP/6-31G ** and absorption spectra at TD-B3LYP/6-31G ** level of theory. Major change in bond lengths and bond angles occurs in the system where there is electron withdrawing or electron donating groups have been substituted. In SYSTEM-2 and SYSTEM-3 intra charge transfer has been observed. HOMO of SYSTEM-2 and SYSTEM-3 is delocalized on left side while LUMO on right side of the molecule. In SYSTEM-1, HOMO is on left side while LUMO is in the center. The designed systems show two absorption peaks for each of the system. In short, choice of appropriate electron withdrawing and donating groups is very important for improving the performance of dye-sensitized solar cells.
Introduction
The search for substitutes of energy sources and the growing environmental awareness worldwide have strengthened interest in photovoltaics as long-term available, cheap, environmental-friendly and reliable energy technology. Titanium dioxide (TiO 2 ) based dye-sensitized solar cells (DSCs) developed in the 1990s, are a non-conventional solar electric technology that has attracted much attention. During recent years, however, increasing interest has been shown in the application of organic materials in various solar cells, primarily due to their low cost and easy processability (Regan and Gra¨tzel, 1991; Nazeeruddin et al., 1993; Chen et al., 2003; Smestad et al., 1994; Hara et al., 2001; Gazotti et al., 2001) .
TiO 2 nanoparticles and ruthenium based organic dyes are routinely utilized. Recently, a significant amount of research has been devoted for the development of the conjugated systems based DSCs (Senadeera et al., 2003; Kim et al., 2003) .
Since their electronic and optical properties can be easily tailored by extending the conjugation lengths and changing side groups.
The effect of thiophene spacers on the molecular structures, absorption spectra and photovoltaic performance were comparatively discussed and points out that the choice of appropriate conjugate bridge is very important for the design of new dyes with improved performance (Wang et al., 2005) .
The geometric characteristics of organic thiophene based dye are of great attention for many applications, including photodynamic therapy light harvesting, nonlinear absorption and optical storage. The UV/visible absorption areas of organic thiophene based dye are of great value when preparing them as sensitizers for solar cells. The optimization of the disappearance coefficients of both the Q and B bands is of aid to the light absorbing characteristics. Theoretical investigations of the physical properties of the dye sensitizers are very important in order to disclose the relationship among the performance, structure and properties, it is also supportive to design and production of novel dye sensitizer with high performance. In the present study we account a theoretical effort intended at giving an enhanced thoughtful role of the sensitive, particularly of its electronic structure and absorption in the efficiency of dye sensitized solar cells devices. We have used different electron donating and electron withdrawing groups (push-pull effect) to enhance the absorption and charge transfer properties. We checked the effect of different substituents on the energy gap and optical transitions. The structure-property relationship has been intensively studied here. Figure 1 The thiophene based designed dyes investigated in the present study. 
Computational details
By push-pull strategy new sensitizers have been modeled, see Fig. 1 . The geometries have been optimized using Density
Functional Theory (DFT) at B3LYP/6-31G ** level of theory which has been proved a good and reasonable choice of method for thiophene based systems like BDT (Irfan et al., 2011) . In our previous study we have shown that TD- Table 2 Calculated bond angles of SYSTEM-1 (1), SYSTEM-2 (2) and SYSTEM-3 (3) at B3LYP/6-31G ** level of theory. Figure 2 The DOS spectrum at B3LYP/6-31G ** level of theory.
B3LYP/6-31G ** is good to predict the absorption spectra as well. Thus we have computed transitions at TD-B3LYP/6-31G ** level of theory because the designed dyes are derived from BDT (Irfan et al., 2011) . All the calculations have been performed by using Gaussian09 (Frisch et al., 2009 ). The graphs of electronic absorption spectrum of all the molecules have been obtained through software Guassum (O' Boyle et al., 2008) . The graphs enlighten about the maximum absorption of the molecule (k max ).
Results and discussions

Geometries
In Table 1 we have tabulated the geometric parameters of investigated systems. We considered SYSTEM-1 as reference and compared the bond lengths of other systems then following variations are encountered.
In the SYSTEM-2, bond length of C13-C14 increased 0.009 Å . C15-C16 bond length has been decreased by 0.011 Å because cyanide group at C16 has been substituted by alkyl group which is electron donating. C28-C29 has been increased by 0.014 Å because methoxy group has been replaced with cyanide group which is strong electron withdrawing group and attracts all the charge density towards it and due to which bond length stretches.
In the SYSTEM-3, C18-C19 has been increased by 0.013 Å because nitro group at C19 has been replaced by methoxy group. C20-C21 has been decreased by 0.013 Å because cyanide group at C21 has been replaced by alkyl group. C25-C26 bond length has been decreased by 0.012 Å . The bond length C13-C18 decreased about 0.015 Å compared to SYS-TEM-1 because CN groups at C14 and C19 have been replaced by methoxy which donates the electron resulting lessen the C13-C18.
By considering SYSTEM-1 as reference, we compared the bond Angles of other systems. In SYSTEM-2, C15-S12-C13 decreases by 0.86°, C18-S17-C20 decreases by 0.81°, C23-S22-C25 decreases by 0.02°, C30-S27-C28 increases by 1.25°. In SYSTEM-3, C15-S12-C13 decreases by 1.37°, C18-S17-C20 decreases by 0.60°, C23-S22-C25 increases by 1.13°, C30-S27-C28 increases by 0.50°, see Table 2 .
Electronic properties
In quantum mechanics (QM), the density of states (DOS) of a system describes energy levels per unit energy increment i.e., the number of states per interval of energy at each energy level that are available to be occupied. High DOS at a specific energy level mean that there are many states available for Figure 3 HOMO and LUMO distribution pattern of investigated systems at B3LYP/6-31G ** level of theory.
occupation. DOS of zero mean that no states can be occupied at that energy level. In general DOS are an average over the space and time domains occupied by the system. In these graphs, the HOMO (highest occupied molecular orbitals) and LUMO (lowest unoccupied molecular orbitals or virtual orbitals) are shown by green and blue lines, respectively. The region between green and blue lines shows the HOMO-LUMO energy gap of system, see Fig. 2 .
In system1, HOMO and LUMO have the energy of À6.32 and À2.96 eV, respectively. The HOMO-LUMO energy gap of the system is 2.83 eV. In system2, HOMO and LUMO show the energy of À5.54 and À3.04 eV, respectively. The HOMO-LUMO energy gap of the system is 2.50 eV. In system3, HOMO and LUMO show the energy of À5.43 and À2.24 eV, respectively. The HOMO-LUMO energy gap of the system is 3.19 eV.
In the HOMO diagram of the SYSTEM 1, the charge density is distributed only in the left side of the molecule due to the presence of thiophene rings. Because thiophene rings have p conjugation so they have attracted the electronic charge towards left. While in the case of LUMO, the charge density is distributed at the center at carbon no. 16, 17, 19 and 21. Nitro group and cyanide group both are electron-withdrawing groups and they are present in the center thus they have attracted the electronic charge in the center of the molecule. In the HOMO diagram of the SYSTEM 2, the charge density is distributed in the left side of the molecule due to the presence of thiophene rings and also in the center to some extent. While in the case of LUMO, the charge density is distributed towards right due to the presence of nitro group and cyanide group. Both are electron-withdrawing groups and they are present in the right thus they have attracted the electronic charge density towards right of the molecule.
In the HOMO diagram of the SYSTEM 3, the charge density is distributed in the left side. In the case of LUMO, the charge density is distributed at the right center due to the presence of nitro group and tosyle group. Both are electron-withdrawing groups and they are present in the right thus they have attracted the electronic charge density towards right center of the molecule. Trend in the HOMO, LUMO energies and HOMO-LUMO energy gap is SYSTEM-1 < SYSTEM-2 < SYSTEM-3; SYSTEM-2 < SYSTEM-1 < SYSTEM-3; Figure 4 B and Q bands of the thiophene based dyes calculated at TD-B3LYP/6-31G ** level of theory.
SYSTEM-1 > SYSTEM-3 > SYSTEM-2>, respectively, (Table 3) . The best intra charge transfer has been observed in SYSTEM-2 and SYSTEM-3. The electron donating groups are substituted at left hand while electron withdrawing groups at right hand of the systems, due to this push-pull effect clear intra charge transfer has been observed, see Fig. 3 .
Absorption
Absorption graph of the SYSTEM-1 shows that B band occurs in the region of 384 nm and Q band occurs in the 443 nm. Absorption graph of the SYSTEM-2 shows that B band occurs in the region of 398 nm and Q band occurs in the 570 nm. Absorption graph of the SYSTEM-3 shows that B band occurs in the region of 375 nm and Q band occurs in the 472 nm. Yang et al. synthesized thiophene based dyes (HY-1, HY-2, HY-3 and HY-4) which are almost similar to our modelled sensitizers but they substituted the electron donating groups at different positions with the absorption spectra 314-337 nm and maximum absorption spectra 425-440 nm (Yang et al., 2010) . In our designed systems, electron withdrawing and electron donating groups have been substituted at different positions which lead to red shift compared to experimental data. Usually two peaks were observed for SYSTEM-2 and SYS-TEM-3. The absorption graphs have been presented in Fig. 4 .
Conclusions
The ground state geometries have been computed by using Density Functional Theory with hybrid functional B3LYP and 6-31G ** basis set. Time dependent density functional theory (TD-DFT) has been applied to investigate the absorption spectra. In all of the investigated systems HOMOs are delocalized at left side of the molecule while LUMOs are localized at right side except SYSTEM-1 in which charge density is distributed in the center. Clear intra charge transfer has been observed in SYSTEM-2 and SYSTEM-3. The charge distribution on anchoring group in the LUMO revealed that electron injection from donor to acceptor and at last to TiO 2 would be favorable. Lowest energy gap has been observed for SYSTEM-2 which leads to maximum red shift. The SYSTEM-2 and SYSTEM-3 have broad absorption bands having two absorption peaks. The theoretical analysis showed that different electron withdrawing and donating groups reduces the HOMO-LUMO energy gap, broader the absorption range and enhance the intra molecular charge transfer properties. These types of systems would be helpful in future for manufacturing efficient light harvesting dyes.
